INTRODUCTION
============

Hypertension, cancer, heart disease, and diabetes are closely related to dietary habits. Recently, functional foods have gained popularity because they can reduce the incidence of these diet-related diseases ([@b1-pnfs-19-291]). Epidemiological studies strongly suggest that foods containing phytochemicals, such as fruits and vegetables containing antioxidants, have protective effects against disease ([@b2-pnfs-19-291]). Consumption of fruits and vegetables prevents degenerative processes caused by oxidative stress ([@b3-pnfs-19-291],[@b4-pnfs-19-291]).

The orange, which is consumed worldwide, is an important source of vitamin C and polyphenolic compounds ([@b5-pnfs-19-291]). Importation of oranges into South Korea has increased since the South Korea-United States Free Trade Agreement was put into effect. In 2012, 115,500 tonne of oranges were imported into South Korea, which was 39,900 tonne greater than the amount imported in 2010 ([@b6-pnfs-19-291]).

The major phenolic compounds present in the orange include hydroxycinnamic acids (HCA) and flavonoids, among which flavanones are the most prevalent ([@b5-pnfs-19-291]). Citrus flavonoids, especially hesperidin, have a wide range of therapeutic properties, including anti-inflammatory, antihypertensive, diuretic, analgesic, and hypolipidemic activities ([@b7-pnfs-19-291]--[@b10-pnfs-19-291]). The concentrations of antioxidant components vary among the different parts of the orange ([@b11-pnfs-19-291]); therefore, the antioxidant activity of orange parts may also vary. In general, the peel of the fruit contains a higher concentration of antioxidant substances than the flesh of the fruit ([@b12-pnfs-19-291]).

Owing to the differing antioxidant potential of compounds with different polarities in complex food samples, the results of assays used to assess the antioxidant capacity of food samples are strongly affected by the solvent extraction method used to prepare samples ([@b13-pnfs-19-291]). To the authors' knowledge, the antioxidant activity of orange flesh (OF) and orange peel (OP) extracts containing compounds with different polarities has not been reported. Furthermore, antioxidants may respond to different radical or oxidant sources in a different manner. Because multiple reaction characteristics, mechanisms, and phase localizations are usually involved, no single assay can accurately reflect all of the radical sources and antioxidants present in a mixed or complex system ([@b14-pnfs-19-291]).

To evaluate the potential benefits of specific compounds or fractions from the orange, various standardized methods were used to evaluate the antioxidant activity of acetone, ethanol, and methanol extracts of OF and OP.

MATERIALS AND METHODS
=====================

Materials
---------

Orange (*Citrus auranthium*) was purchased from a local market in August 2011. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Dulbecco's Modified Eagle's Medium (DMEM), and gallic acid were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The lactate dehydrogenase (LDH) release assay kit was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Fetal bovine serum (FBS) and penicillin/streptomycin were purchased from Gibco BRL (Paisley, Scotland). All organic solvents and other chemicals were of analytical grade or complied with the standards needed for cell culture experiments.

Sample preparation
------------------

The OP was separated from the edible parts, slightly washed with tap water, air-dried completely for one day, and cut into approximately 1×1 cm pieces. Five grams of OF or OP was extracted with 100 mL of ethanol, methanol, or acetone for 72 h at 25°C. The extracts were filtered through Whatman No. 1 filter paper (Tokyo, Japan), and the extraction solvents were removed with an evaporator (Eyela N-1000, Tokyo Rikakikai Co., Tokyo, Japan). The OF and OP were redissolved in dimethyl sulfoxide (DMSO) to a concentration of 50 mg/mL and kept at 20°C until use.

Measurement of total phenolic content
-------------------------------------

The total phenolic content (TPC) of OF and OP was determined according to the method of Park et al. ([@b15-pnfs-19-291]). Briefly, OF or OP was mixed with 2 mL of 1 N Folin-Ciocalteu reagent and incubated at 25°C. Then 2 mL of 10% Na~2~CO~3~ was added and the mixture was incubated at 25°C. The absorbance at 690 nm was measured with an enzyme-linked immunosorbent assay (ELISA) reader (Tecan Austria GmbH, Grödig, Austria). TPC is expressed as gallic acid equivalents (GAE).

Measurement of 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity
------------------------------------------------------------------------

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity (RSA) was determined by the slightly modified method of Mensor et al. ([@b16-pnfs-19-291]). Briefly, 80 μL of 0.2 mM DPPH ethanol solution was added to 20 μL of sample solution at different concentrations (50\~1,000 μg/mL) and allowed to react at 25°C. The control consisted of 20 μL of DMSO and 80 μL of 0.2 mM DPPH. The mixtures were incubated at room temperature for 10 min and then the absorbance was measured by ELISA at 492 nm. The DPPH radical scavenging ability of each sample is expressed as the half maximal inhibitory concentration on DPPH free radicals (IC~50~).

Total radical-trapping antioxidant potential
--------------------------------------------

Total radical-trapping antioxidant potential (TRAP) was measured by a modification of the photometric method described by Rice-Evans and Miller ([@b17-pnfs-19-291]). Twenty microliter sample aliquots (50\~1,000 μg/mL) were added to tubes containing phosphate buffered saline (PBS), 2.5 mM metmyoglobin, and 150 M 2,2′-azino-bis(3-ethyl-benzothiazoline-6-sulphonic acid) (ABTS) and then mixed by vortexing. The reaction was started by adding 250 μL of 75 μM H~2~O~2~, and the absorbance was measured at 734 nm using a spectrophotometer (UV-1601; Shimadzu, Tokyo, Japan). Values are expressed as estimation of the median effective dose (ED~50~).

Oxygen radical absorbance capacity assay
----------------------------------------

The oxygen radical absorbance capacity (ORAC) assay was carried out on a FLUOstar OPTIMA fluorescence plate reader (BMG LABTECH GmbH, Ortenberg, Germany) with fluorescent filters (excitation wavelength 485 nm, emission wavelength 535 nm) according to the method of Park et al. ([@b15-pnfs-19-291]). The results were calculated based on the difference between the area under the fluorescence decay curves of the blank and each sample. ORAC peroxyl (ROO·) radical is expressed as μmol of Trolox equivalents (TE).

Cellular antioxidant activity assay
-----------------------------------

Cellular antioxidant activity (CAA) was evaluated according to the methods described by Ko et al. ([@b18-pnfs-19-291]). HepG2 (ATCC 8065) cells were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were maintained in DMEM supplemented with 10% heat-inactivated FBS, penicillin (100 U/mL), streptomycin (100 g/mL), and 2 mg/mL of NaHCO~3~ in a humidified, 37°C incubator with 5% CO~2~.

To measure cell viability, 1.0×10^4^ HepG2 cells/well were pre-incubated in a 96-well plate for 24 h and pre-treated with various concentrations (final concentration adjusted to 1 μg/mL, 10 μg/mL, 25 μg/mL, or 50 μg/mL) of the OF or OP solvent extracts. After incubation for 24 h, MTT reagent (5 mg/mL) was added to each well, and the plate was incubated for an additional 1 h at 37°C. At the end of the incubation period, the media were removed, and the intracellular formazan product was dissolved in 100 μL of DMSO. The absorbance of each well was measured at 540 nm using an ELISA reader (Tecan Austria GmbH), and the MTT reduction rate was calculated by setting the survival rate of each of the control samples to 100%.

To measure CAA, HepG2 cells were cultured in 96-well plates (5×10^5^ cells/mL) for 24 h. Then, the cells were incubated with different concentrations of OF or OP in DMSO (final DMSO concentration \<1%) for 30 min, the wells were washed with 100 μL of PBS, and the cells were treated with 80 μM of 2,2′-azobis-2-methyl-prop-animidamide, dihydrochloride (AAPH) in 100 μL of PBS containing 40 μM dichlorodihydrofluorescein diacetate (DCFH-DA). Then, the 96-well microplate was placed into a FLUOstar OPTIMA fluorescence plate reader at 37.8°C. Emission at 535 nm was measured with excitation at 485 nm. Triplicate control and blank wells were included on each plate: control wells contained cells treated with DCFH-DA and an oxidant, AAPH; blank wells contained cells treated with PBS that did not contain AAPH.

DNA damage determination by alkaline comet assay
------------------------------------------------

The antigenotoxic effect of OF and OP on human leukocytes was measured using the alkaline comet assay ([@b19-pnfs-19-291]). Peripheral venous blood was collected in heparinized vials from 3 healthy male donors with no history of smoking/drinking or chronic use of medication. The donors gave written consent to participate in the study after being informed of its purpose, nature, and potential risks. Leukocytes were isolated from the blood and incubated with varying concentrations of OF or OP extracts prepared with the different extraction solvents for 30 min at 37°C. The cells were then re-suspended in PBS containing 200 μM H~2~O~2~ for 5 min on ice to stimulate oxidative damage.

After each treatment, the leukocytes were centrifuged at 500 *g* for 5 min and washed with PBS. DMSO (1%) without H~2~O~2~ was used as the negative control (NC). After treatment, the leukocytes were mixed with 75 μL of 0.7% low melting agarose, and added to slides that had been pre-coated with 0.5% agarose. The slides were then immersed in lysis solution \[2.5 M NaCl, 100 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris, 1% sodium laurylasarcosine, 1% Triton X-100, and 10% DMSO\] for 1 h at 4°C. Thereafter, the slides were placed in an electrophoresis tank containing 300 mM NaOH and 10 mM Na~2~EDTA (pH 13.0) for 20 min. To electrophorese the DNA, an electric current of 25 V and 300±3 mA was applied to the electrophoresis tank for 20 min at 4°C. The slides were then washed three times with a neutralizing buffer (0.4 M Tris, pH 7.5) for 5 min at 4°C, and then treated with ethanol for 5 min. The slides were stained with 20 μL of 20 μg/mL ethidium bromide, and the percentage of fluorescence in the tail (i.e., tail intensity; measured for 50 cells from each of 2 replicate slides) was measured with image analysis (Komet version 5.0, Kinetic Imaging Ltd., Liverpool, UK) and fluorescence microscopy (LEICA DM LB, Bensheim, Germany).

Statistical analysis
--------------------

The SPSS package for Windows version 14.0 (SPSS Inc., Chicago, IL, USA) was used to perform the statistical analysis. One-way analysis of variance (ANOVA) followed by Duncan's multiple range tests were used to compare the mean values. *P* values less than 0.05 were considered significant. Pearson's correlation coefficient was used to do determine correlations.

RESULTS AND DISCUSSION
======================

Each *in vitro* antioxidant assay performed in this study evaluated the antioxidant activity of samples via a different mechanism ([@b20-pnfs-19-291]). The TPC and DPPH methods are based on a single electron transfer (SET) reaction in which antioxidants are oxidized by oxidants, such as the DPPH radical. As a result, a single electron is transferred from the antioxidant molecule to the oxidant. In contrast, the ORAC and TRAP assays are based on a hydrogen atom transfer (HAT) reaction. In this type of reaction, a HAT is transferred after a peroxyl radical, ROO·, has been generated in which this radical extracts a hydrogen atom from the antioxidant compounds ([@b19-pnfs-19-291],[@b20-pnfs-19-291]). The CAA and comet assays serve as a way to monitor oxidative stress in cells; they take into account the cellular uptake, distribution, and metabolism of antioxidants ([@b21-pnfs-19-291]). According to Wolfe and Liu ([@b22-pnfs-19-291]), the CAA assay is better correlated with *in vivo* conditions than pure chemical assays. Therefore, the antioxidant activity of OF and OP that had been extracted with various solvents (i.e., ethanol, methanol, and acetone) was evaluated using a range of antioxidant tests, including the TPC, DPPH RSA, TRAP, ORAC, CAA, and the comet assay.

The TPC of OP was significantly higher than that of OF ([Fig. 1](#f1-pnfs-19-291){ref-type="fig"}). The TPC of OP ranged from 1.39 mg GAE/100 g to 1.85 mg GAE/100 g, while the TPC of OF ranged from 0.48 mg GAE/100 g to 0.79 mg GAE/100 g. Methanol and acetone extracted more phenolic compounds from OF and OP than ethanol. The extraction of polyphenols from plant material is influenced by the solubility of the phenolic compounds in the solvent used for the extraction process. Furthermore, solvent polarity plays a key role in increasing the phenolic content ([@b23-pnfs-19-291]) of extracts. Jimenez et al. ([@b24-pnfs-19-291]) reported that the acetone extract of capulin cherries has the highest polyphenol concentrations, followed by the ethanol and methanol extracts; these solvents possess high reactivity, which permits them to act as hydrogen or electron donors. It has also been reported that various anthocyanins and flavonoids (mainly cyanidin 3-glucoside and cyanidin 3-rutinoside) are present in capulin cherry samples extracted with acetone, which probably explains the anti-oxidant activity of capulin cherry samples. In the present study, the high TPC observed in the acetone and methanol extracts may be due to the presence of flavonoids in OF and OP. Jayaprakasha and Patil ([@b25-pnfs-19-291]) reported that the methanol and acetone extracts of blood oranges contain flavonoids, flavonoid glucosides, and limonoids.

The OF and OP quenched DPPH in a dose-dependent manner, regardless of the orange part or extraction solvent used ([Fig. 2A](#f2-pnfs-19-291){ref-type="fig"}). The IC~50~ values (i.e., the concentration of sample required to scavenge 50% of the free radical content) were lowest in the acetone extracts of OF (333.7 μg/mL) and OP (781.9 μg/mL), followed by the ethanol extracts (OF, 1,212.5 μg/mL; OP, 1,137.9 μg/mL) and the methanol extracts (OF, 1,710.2 μg/mL; OP, 1,402.9 μg/mL) ([Fig. 2B](#f2-pnfs-19-291){ref-type="fig"}). A lower IC~50~ value indicates more potent antioxidant activity. For the acetone extracts, the IC~50~ value of the OF extract was significantly lower than that of the OP extract, while this relationship was reversed for the methanol extracts. There was no statistically significant difference between the DPPH RSA IC~50~ values of the OF ethanol extracts and the OP ethanol extracts. Although the TPC of the OP extracts was higher than the TPC of the OF extracts, the DPPH RSA was strongest in the acetone extracts of OF. The TPC assay has been criticized for its poor specificity and because its results can be influenced by any substance that can be oxidized by the Folin reagent, not just polyphenols ([@b26-pnfs-19-291],[@b27-pnfs-19-291]). Others have suggested that non-phenolic substances may also contribute to the anti-oxidant activity of a sample ([@b28-pnfs-19-291]). Synergistic effects and other substances, such as vitamin C, carotenoids, and pigments, may have contributed to the DPPH RSA of the OF and OP extracts ([@b29-pnfs-19-291]). The observed lack of a relationship between an extract's constituents and its effects is in agreement with Anagnostopoulou et al. ([@b30-pnfs-19-291]), who reported an r^2^ value of 0.42 for the relationship between the TPC and DPPH results obtained for a sweet orange peel extract. In our study, the correlation coefficient for the TPC and DPPH RSA IC~50~ values was low (r=−0.207).

TRAP was affected by OF and OP in a dose-dependent manner, regardless of the orange part or extraction solvent used ([Fig. 3A](#f3-pnfs-19-291){ref-type="fig"}). Acetone extracts of OF and OP had the highest TRAP values ([Fig. 3B](#f3-pnfs-19-291){ref-type="fig"}). There was not a significant difference between the IC~50~ values of the OF extracted with acetone (326.0 μg/mL) and OP extracted with acetone (340.2 μg/mL). The TRAP values of the ethanol and methanol extracts of OP were significantly higher than the ethanol and methanol extracts of OF.

Similar results were found for the ORAC assay. The OF and OP extracts possessed significant free radical scavenging capabilities and inhibited fluorescein decay in a dose-dependent manner ([Fig. 4A](#f4-pnfs-19-291){ref-type="fig"}). At the 10 μg/mL concentration, the highest ROO· scavenging activity was observed in the acetone extracts of OF and OP, followed by the methanol and ethanol extracts of OF and OP ([Fig. 4B](#f4-pnfs-19-291){ref-type="fig"}). There was no significant difference between the ORAC values of the OF acetone extract (5.57 μM TE) and the OP acetone extract (5.65 μM TE). The ORAC values of the OP ethanol and methanol extracts were higher than those of the OF extracts. There was a positive correlation between the ORAC and TPC values (r=0.471, *P*\<0.05) of the present study. ORAC values were also correlated with the IC~50~ values of DPPH RSA (r=−0.710, *P*\<0.01).

In the current study, the most potent antioxidant activities were observed for the OP extracts. This result is in agreement with that of Gorinstein et al. ([@b31-pnfs-19-291]), who reported that extracts from the peel of the orange has good antioxidant activity. For all assays except the DPPH RSA assay, the maximum antioxidant activity was observed in the acetone extracts. Jayaprakasha et al. ([@b32-pnfs-19-291]) reported that the rank order of the navel orange extract antioxidant capacity is: ethyl acetate\> acetone\> methanol : water\> methanol\> hexane. It seemed that the antioxidant capacity of the extracts corresponded to the amount of phenolic compounds and lycopene present in each fraction, and that the extracts might be a good source of antioxidants. Therefore, phenolic compounds and lycopene were likely the main mediators of the antioxidant activity of OP and OF extracts.

HepG2 cells were supplemented with or without increasing concentrations (i.e., 1\~50 μg/mL) of acetone, ethanol, or methanol extracts of OF or OP for 24 h. Following incubation, the effects of the OF and OP extracts on cell viability were assessed using the neutral violet uptake assay. Cell viability in the control and treatment groups was greater than 75% for all experiments (data not shown). The CAA of different concentrations (i.e., 1 μg/mL, 10 μg/mL, 25 μg/mL, and 50 μg/mL) of the extracts against peroxyl radical-induced oxidation of HepG2 cells ([Fig. 5A](#f5-pnfs-19-291){ref-type="fig"}) was evaluated. CAA was observed for all of the concentrations and extracts tested. The CAA of the methanol and acetone extracts of OP was higher than that of the ethanol extract of OP, while the CAA of the OF extracts was not affected by solvent type ([Fig. 5B](#f5-pnfs-19-291){ref-type="fig"}). The CAA of the OP extracts was significantly higher than the CAA the OF extracts. The CAA of the methanol extract (68.2 μg/mL) and the acetone extract (71.1 μg/mL) from OP was higher than those measured for OF (methanol, 91.8 μg/mL; acetone, 93.1 μg/mL). The results of the CAA assay indicate that the antioxidant activity of the acetone and methanol extracts is stronger than that of the ethanol extracts. Huang et al. ([@b21-pnfs-19-291]) reported that high TPC is significantly associated with high CAA because of more phenolics which can help protect the cell from damage. The CAA assay constitutes a new approach for the determination of anti-oxidant activity that takes the phenolic bioactivity of samples into account ([@b22-pnfs-19-291]).

The comet assay has been used to measure the protective effects of polyphenol compounds from foods against the oxidative DNA damage that occurs through metal chelation and reactive oxygen species (ROS) and reactive nitrogen species (RNS) scavenging ([@b33-pnfs-19-291]). Human leukocytes were pre-incubated with or without various concentrations (i.e., 1 μg/mL, 10 μg/mL, and 50 μg/mL) of acetone, ethanol, or methanol extracts of OF or OP for 30 min prior to exposure to 200 μM H~2~O~2~ on ice for 5 min. In this study, the H~2~O~2~-induced DNA damage of human leukocytes that had been pre-treated with a 50 μg/mL concentration of OP or OF extract was significantly lower than that of cells treated with H~2~O~2~, alone ([Fig. 6A](#f6-pnfs-19-291){ref-type="fig"}). For all of the extracts tested, the maximum protective effect of the leukocyte pretreatment was produced by pretreatment with the 50 μg/mL doses. The results of the tail DNA% measurements demonstrated that the acetone extract of the OP produced a level of protection against H~2~O~2~ exposure that was significantly greater than that of extracts produced with other solvents ([Fig. 6B](#f6-pnfs-19-291){ref-type="fig"}). At their respective IC~50~ values, the inhibitory effect of OP against H~2~O~2~-induced DNA damage was significantly stronger than that of OF. The acetone extracts had the strongest antioxidant activity and were the most effective extracts against H~2~O~2~-induced single-strand DNA breaks in human leukocytes, indicating that they contained polyphenol compounds.

The results of this study showed the TPC and anti-oxidant activities of ethanol, methanol, and acetone extracts of OF and OP. The acetone extracts of OP were rich in phenolics and had strong antioxidant activity and radical-scavenging action in all of the reported assays (i.e., TRAP, ORAC, CAA, and comet assays), except the DPPH RSA assay. Therefore, acetone is the best solvent for the extraction of antioxidant compounds from OF and OP. Furthermore, the OP, which is a waste product of the orange, is rich in antioxidants and may have practical applications in the food industry.
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![Total phenolic content of orange fruit (OF) and orange peel (OP) extracted with organic solvents. E, ethanol; M, methanol; A, acetone. Values are mean with standard deviation. Values not sharing the same letter within OF or OP are significantly different from one another (*P*\<0.05) by Duncan's multiple range test. ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 significantly different between fruit and peel extract by Student *t*-test.](pnfs-19-291f1){#f1-pnfs-19-291}

![DPPH radical scavenging activity (A) and IC~50~ (B) of orange fruit (OF) and orange peel (OP), when extracted various solvents. E, ethanol; M, methanol; A, acetone. IC~50~: concentration for scavenging 50% DPPH radical. Values are mean with standard deviation. Values not sharing the same letter within OF or OP are significantly different from one another (*P*\<0.05) by Duncan's multiple range test. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01 significantly different between fruit and peel extract by Student *t*-test.](pnfs-19-291f2){#f2-pnfs-19-291}

![Antioxidant activity effect (A) and IC~50~ (B) of different solvent extracts from orange fruit (OF) and orange peel (OP) on total radical trapping antioxidant potential (TRAP). E, ethanol; M, methanol; A, acetone. IC~50~: concentration for scavenging 50% of ABTS radicals. Values are mean with standard deviation. Values not sharing the same letter within OF or OP are significantly different from one another (*P*\<0.05) by Duncan's multiple range test. ^\*^*P*\<0.05 significantly different between fruit and peel extract by Student *t*-test.](pnfs-19-291f3){#f3-pnfs-19-291}

![Oxygen radical absorbance capacity (ORAC) values (A) at 1, 2, 5, and 10 μg/mL of different solvent extracts from orange fruit (OF) and orange peel (OP) and at 10 μg/mL of each extracts. E, ethanol; M, methanol; A, acetone. Values are mean with standard deviation. Values not sharing the same letter within OF or OP are significantly different from one another (*P*\<0.05) by Duncan's multiple range test. ^\*\*\*^*P*\<0.001 significantly different between fruit and peel extract by Student *t*-test.](pnfs-19-291f4){#f4-pnfs-19-291}

![Cellular antioxidant activity (A) and IC~50~ (B) of different solvent extracts from orange fruit (OF) and orange peel (OP). E, ethanol; M, methanol; A, acetone. IC~50~: concentration for scavenging 50% of AAPH radicals. Values are mean with standard deviation. Values not sharing the same letter within OF or OP are significantly different from one another (*P*\<0.05) by Duncan's multiple range test. ^\*^*P*\<0.05 significantly different between fruit and peel extract by Student *t*-test.](pnfs-19-291f5){#f5-pnfs-19-291}

![Effect of supplementation with different solvent extracts from orange fruit (OF) and orange peel (OP) on H~2~O~2~-induced DNA damage in human leukocytes (A) and IC~50~ (B). E, ethanol; M, methanol; A, acetone. NC, DMSO-treated normal control; PC, 200 μM H~2~O~2~-treated positive control. IC~50~: concentration for scavenging 50% H~2~O~2~ radical. Values are mean with standard error. Values not sharing the same letter within OF or OP are significantly different from one another (*P*\<0.05) by Duncan's multiple range test. ^\*^*P*\<0.05 significantly different between fruit and peel extract by Student *t*-test.](pnfs-19-291f6){#f6-pnfs-19-291}
